Protected area (PA) networks will remain valuable for conservation, as the global environment changes, if they facilitate the colonization of new regions by species that are shifting their geographical ranges. We tested the extent to which wetland bird species colonizing the UK since 1960 have exploited PAs. Colonization commenced in a PA for all six species that established permanent (greater than 10 years) breeding populations in the UK during this period. Subsequently, birds started to breed outside as well as inside PAs: the colonizing species showing declining fractions of breeding within PAs over time, a trend not seen in already-resident species. PAs were valuable as 'landing pads' for range-shifting species first arriving in a new region, and then as 'establishment centres' from which viable populations spread. Given future projections of range change across a broad range of taxonomic groups, this role for PAs can be expected to become increasingly important.
Introduction
The population size and long-term conservation status of species needing to shift their geographical ranges, for example in response to climate change, will depend not only on their persistence in the regions where they currently occur, but also on their capacity to colonize new areas [1, 2] . Facilitating range expansion, therefore, has the potential to become one of the most effective conservation strategies that can be deployed to minimize climatic and other risks to species [3, 4] . However, such strategies still lack robust empirical underpinning: there is limited evidence of the effectiveness of static protected areas (PAs) to protect species per se ( [5] [6] [7] but see [8] ), let alone if species distributions become more dynamic [9] [10] [11] [12] [13] .
While PAs may lose species that were previously present, and indeed those for which the sites were designated, they could conceivably gain others if they safeguard habitats that are colonized by species spreading beyond their former geographical ranges. There is some modelling support for the continuing value of PAs under climate change [14] , on the assumption that PAs will contain the most suitable habitats for colonists. There is also empirical evidence that species disproportionately colonize PAs in areas where they have not previously been recorded [15] . However, we still lack information on (i) the extent that PAs act as 'landing pads' for species, enabling them to breed and establish for the first time in new regions, and (ii) how their dependency on PAs varies over time. The latter relates to whether PAs act as 'establishment centres' from which viable populations can subsequently spread within the region being colonized.
We address these issues by analysing the PA associations of those wetland bird species that have colonized the UK naturally since 1960. Wetland birds account for six of the eight bird species that have established continuous breeding populations in the UK in this period (see below). They are especially suitable for study because of the intensive scrutiny they receive from ornithologists, as well as from formal surveys [16, 17] . The breeding distributions of many birds have shifted polewards in recent decades [18] [19] [20] [21] and are projected to continue to do so [22] . In the UK, this phenomenon has already been linked with the recent arrival of Cetti's warblers Cettia cetti [23] and little egrets Egretta garzetta [24] , & 2013 The Author(s) Published by the Royal Society. All rights reserved. two of our focal species. Expansions in other species have been linked with anthropogenic factors such as reduced persecution (e.g. whooper swan Cygnus cygnus [25] ) or habitat creation (e.g. Eurasian bittern Botaurus stellaris [26] ). However, most species are likely to have been affected by a combination of climatic and non-climatic changes to the environment.
We identify the PA status of the first breeding locations for all 20 wetland bird species that bred for the first time in the UK since 1960 (table 1) . For the six species that then established apparently permanent populations, we also evaluate how the percentage of the population breeding in PAs changed over time after initial breeding. We hypothesized that the proportion of the population breeding in PAs would decline over time, as populations grow in PAs ( potentially becoming saturated), resulting in birds starting to breed outside of PAs.
By contrast, we predicted that such trends would not be present for a 'control' group of long-term resident wetland species that have bred continuously in Britain throughout the same period.
Material and methods (a) Criteria for selecting species
We considered UK wetland bird species (habitat classification based on Gibbons et al. [17] six 'successful colonists', defined as breeding in at least 10 successive years up until 2012. We analysed 31 'comparator species' to help control for observer effort on and off PAs. Comparators were native wetland bird species that bred throughout 1900-2009 and that had greater than 30 geo-referenced records (from 'county bird reports'; see the electronic supplementary material). These included species breeding in 'lowland wetland' and 'upland lakes and streams' habitats [17] , 'coastal' species that regularly breed inland (shelduck Tadorna tadorna, ringed plover Charadrius hiaticula and cormorant Phalacrocorax carbo), and 'unclassified' but primarily wetland species (black-headed gull Chroicocephalus ridibundus, common tern Sterna hirundo and sand martin Riparia riparia).
(b) Obtaining data
For colonizers, data on breeding locations since 1973 were obtained from the Rare Breeding Birds Panel (RBBP: see 'species list'; http://www.rbbp.org.uk/rbbp-species-list-full.htm). For pre-1973 data, and instances when RBBP referred only to county totals, we obtained site data from the relevant 'county bird reports', which are annual compilations of UK bird records by region. When county bird reports lacked sufficient detail, we consulted county bird recorders, who hold historical records of birds submitted within each region. For goldeneye Bucephala clangula, we searched the nest-box record cards (in this case held by the Royal Society for the Protection of Birds), which contain locations of erected nest-boxes and records of breeding attempts in each box. For comparator species, breeding locations were obtained from county bird reports (1964-2009) of 10 counties (see the electronic supplementary material). Counties were selected based on the availability of county bird reports for each year, while maximizing their latitudinal and longitudinal spread.
(c) Determining protected area status of records
The PAs considered are UK SSSIs (Areas of Special Scientific Interest (ASSIs) in Northern Ireland) that correspond to The International Union for Conservation of Nature level IV of protection [27] . Breeding records were cross-referenced against PA location using the interactive mapping software provided by Natural England (NE; http://www.natureonthemap.naturalengland.org.uk), the Countryside Council for Wales (CCW; http:// www.ccw.gov.uk/landscape-wildlife/protecting-our-landscape/ protected-sites-map.aspx), Scottish Natural Heritage (SNH; http:// gateway.snh.gov.uk/sitelink/searchmap.jsp) and the Northern Ireland Environment Agency (NIEA; http://maps.ehsni.gov.uk/ NIEAProtectedAreas/Default.aspx#). Records with grid references were assigned PA status if the entire grid cell (normally 100 Â 100 m resolution) was within the boundary of a PA. Records without grid references were assigned PA status only if associated with site/reserve names for which PA status was unambiguous. County bird recorders were consulted for clarification when grid references partially overlapped PAs or location names were vague; if still ambiguous, the records were omitted.
We obtained PA notification dates from SSSI/ASSI citation documents from NE (www.naturalengland.org.uk), CCW (www.ccw.gov.uk), SNH (www.snh.gov.uk) and NIEA (maps. ehsni.gov.uk). To avoid instances of a PA being designated because of the arrival of a colonist, we identified sites that were designated after a colonist had begun breeding there. This situation applied only to Cetti's warbler and whooper swan, for which 20 out of 843 (2.37%) and one out of 21 (4.76%) sites, respectively, were designated after their arrival. Records from these sites were excluded if a breeding population of the relevant colonist was cited as a principal reason for notification. This was only the case for two Cetti's warbler sites. Excluding all records from sites that were designated after arrival did not change the conclusions for either species (see the electronic supplementary material, figure S1 ).
(d) Calculating protected area associations
For each colonizing species, we calculated the percentage of 'confirmed' breeding population ( pairs) in PAs each year and the percentage of localities in PAs for colonial breeders [28] . 'Confirmed breeding' pairs follows the European Bird Census Council definition [29] for each species, apart from the elusive Cetti's warbler, for which we used the number of singing males (as reported by the RBBP [30] ).
For each comparator species, we estimated the percentage breeding in PAs in every fifth year between 1964 and 2009. Breeding is rarely 'confirmed' for established species, so we used 'probable breeding' [29] records for each species, apart from the elusive reed warbler and sedge warbler for which we used numbers of singing males. For each species, we estimated the percentage of breeding pairs present on PA land in a given year, provided that at least 10 breeding pairs were recorded. If fewer pairs were recorded, the interval was binned with the following available year until greater than 10 breeding pairs was achieved. Ambiguous reports of exact numbers (e.g. 'several' or 'breeding was recorded') at a given location were analysed as 'two pairs'. This uncertainty only really affected seven of the 31 comparator species (for which greater than 5% of records were ambiguous). Nonetheless, we carried out a complementary analysis of the percentage of sites from which breeding was reported for all 31 comparator species and obtained similar results (see the electronic supplementary material, figure S2 ).
We also analysed Cetti's warbler in two separate counties which were colonized in different years to distinguish the effects of year-since-colonization from year-per se on PA use. Cetti's warbler was selected because it is by far the most numerous and widespread colonist, and the counties were chosen as they provided the most complete continuous set of records for this species: Norfolk between the initial establishment of a population (10 singing males) in 1975 and a temporary population crash in 1991, and Hampshire between initial establishment in 1980 and 2008.
For each colonizing and comparator species, we calculated Spearman rank values for the correlation between year and percentage breeding in PAs to determine the temporal trend. Mean 'PA usage' for each species was estimated as the average percentage of population breeding in PAs at each time interval.
Results (a) Coverage
Six wetland bird species have established persistent (greater than 10 years) breeding populations in the UK since 1960. For four of these, whooper swan C. cygnus, little egret, common crane Grus grus and Mediterranean gull Larus melanocephalus, we were able to categorize over 95 per cent of all recognized UK records (based on RBBP data) as in/out of a PA. For Cetti's warblers, the proportion of the population that we could designate as in/out of PA was greater than 90 per cent for the first 10 years, but declined as the population increased. Records were incomplete for goldeneye, and varied year-to-year (see §4).
(b) First breeding records of colonizing species
The first breeding record of each of the six successful colonists was in a PA (table 1). Including species breeding but not (yet) established for greater than 10 years, 18 of 20 species first bred in PAs in the UK (table 1) .
(c) Trends in breeding in protected areas
Five of the six colonizing species showed a similar pattern, with most early breeding records in PAs, but the percentage of the rspb.royalsocietypublishing.org Proc R Soc B 280: 20122310 population breeding in PAs declining over time (figure 1). This trend was significant for the three species (Spearman's rank correlations: little egrets n ¼ 14, r s ¼ 20.91, p ¼ 0.001; Mediterranean gulls n ¼ 34, r s ¼ 20.51, p ¼ 0.0034; Cetti's warbler n ¼ 37, r s ¼ 20.61, p ¼ 0.0002; all less than critical p ¼ 0.0083 after Bonferroni correction for six tests) that (i) currently have the largest established breeding populations, and (ii) are 'southerly' species, whose range expansions have been associated with climatic change (see the electronic supplementary material, table S1). The sixth species, goldeneye, showed an idiosyncratic pattern (figure 1), apparently driven by the availability of nest-boxes and frequency with which they were checked and reported (see the electronic supplementary material, table S1).
For comparator species, 13 out of 31 species showed declining temporal trends for percentage breeding within PAs, but 18 species showed positive trends (see the electronic supplementary material, figure S3; figure 2 Spearman's rank correlation values for the colonizers were significantly more negative than for the comparators (figure 2; Mann-Whitney, z 6,31 ¼ 22, two-tailed p ¼ 0.046; electronic supplementary material, figure S3 ), indicating that colonists showed declining patterns of association with PAs over time, compared with the long-term resident comparator species. Percentages of Cetti's warblers breeding in PAs started to decline earlier in Hampshire (which was colonized earlier) than in Norfolk. The pattern in Norfolk then followed that in Hampshire (figure 4).
Discussion
The conservation value of PAs will be maintained and in some cases enhanced if they can facilitate the colonization of new regions by species whose geographical ranges are expanding. Our results suggest that a PA network can be effective in this context.
Although avian colonizations of new areas are not unique to recent years [31] , an apparently increasing number of wetland birds have arrived in the UK over the last half-century and begun to breed. This appears to have happened for a variety of reasons, but primarily as a result of climatic factors and reductions in persecution (see the electronic supplementary material, table S1). Each 'successful' colonization started off in a PA, but, as populations became more established, breeding spread into additional sites, not all of which were PAs (figure 1). PAs provided suitable habitat for wetland birds, initially as 'landing pads' where they first bred upon arrival, and as 'establishment centres', from which populations subsequently spread to other locations in the same region. The goldeneye was a partial exception, perhaps because some of the early data were incomplete or unavailable for this species, and its colonization was affected by the widespread erection of nestboxes outside as well as inside PAs (see the electronic supplementary material, table S1). Nonetheless, even this species was concentrated in PAs during its initial establishment (figure 1).
Most wetland bird species that have not yet established in the UK also bred for the first time in PAs (table 1), as did the two non-wetland bird species that met our criteria of 'successful colonists' since 1960 (firecrests Regulus incapillus on a SSSI in Hampshire [32] ; yellow-legged gulls Larus michahellis on a SSSI in Dorset; RBBP data). The geographical ranges of birds are expected to continue to change [22] , and thus the trend of wetland birds colonizing the UK could continue. Evidence already exists to show that wetland birds might experience stronger range margin shifts than birds associated with other habitats [33] . Our findings corroborate this by showing that most recent colonizers were wetland birds. A future area of study might address whether this high proportion of wetland birds is a function of PAs being particularly attractive to this group, or whether they are intrinsically more prone to range change and then subsequently use PAs.
Whichever the reason, our results suggest that future breeding populations of these birds in the UK will most probably be centred on protected sites, before expanding into additional undesignated locations. This is concordant with studies which have suggested that PAs will remain important for conservation under climate change [14, 15] and provides a contrast to the conclusions of research on alien invasive species, rspb.royalsocietypublishing.org Proc R Soc B 280: 20122310 whose colonizing distributions are typically associated with landscapes affected by human activity [34] . The records that we use here to determine the percentages of birds breeding in PAs are a product of casual observations as opposed to systematic surveys, and we are aware that a bias in observer effort towards PAs could lead to a bias in the proportion of records that come from PAs. Resultantly, we took a number of steps to evaluate the robustness of our findings in this context: (i) there was no systematic declining trend in the percentage of comparator species being reported from PAs (figure 2) implying that there was no general shift away from PAs in terms of observer coverage of wetland birds during this period; (ii) individual colonists showed declining trends at different points in time (figure 1), and (iii) the association of one colonist species with PAs declined at different times in different British counties (figure 4), both implying that there was no 'general' temporal shift in observer effort; and further (iv) five of the colonizing species are large-bodied, conspicuous birds (the sixth has a loud and characteristic song) that, given the high density of birdwatchers in the UK [19] and novelty of their occurrence in Britain, would be extremely unlikely to be overlooked and not reported regardless of the designation of any particular site. We are confident, therefore, that the results are robust and are not artefacts of changes in the historical distribution of observer effort.
For the comparator species, we are aware that trends in PA use (see the electronic supplementary material, figure S3 ) are likely to be explicitly related to population trends. Owing to the lack of available population data for each comparator species over the time period covered, an analysis of this relationship was not possible here, but would provide an interesting avenue for further research.
In conclusion, PAs have represented 'establishment centres' for wetland bird species colonizing the UK since 1960. Colonizing birds bred in these sites for the first time, establishing populations and then expanding into additional unprotected sites. Hence, PAs enable species to establish in new regions in addition to their benefits to species already established within them.
